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Ulcerative colitis and
adenocarcinoma of the colon
in Go.,-deficient mice

Uwe Rudolph'?, Milton J. Finegold®, Susan S. Rich?, Gregory R. Harriman?,
Yogambal Srinivasan', Philippe Brabet!, Guylain Boulay', Allan Bradley*’® &

Lutz Birnbaumer!>¢7

G proteins are involved in cellular signalling and regulate a variety of biological
processes including differentiation and development. We have generated mice deficient
for the G protein subunit a,, (Go.,)) by homologous recombination in embryonic stem
cells. Go,,-deficient mice display growth retardation and develop a lethal diffuse colitis
with clinical and histopathological features closely resembling ulcerative colitis in
humans, including the development of adenocarcinoma of the colon. Prior to clinical
symptoms, the mice show profound alterations in thymocyte maturation and function.
The study of these animals should provide important insights into the pathogenesis of

ulcerative colitis as well as carcinogenesis.

G proteins are signal transducing proteins that couple a
large family of receptors to effectors such as adenylyl
cyclase, phospholipase Candion channels. They often are
oPyheterotrimers that are referred to by their o subunits.
Some 16 ¢t-, 5 B- and 7 y-subunit genes have been cloned
so far. Although specific receptor-G protein-effector
pathways have been defined for most types of G proteins',
the true spectrum of biological functions in which they
participate is still unknown.

The o-subunit of G, o, appears to be expressed
ubiquitously and is 86-88% homologous to its close
family members, o, and o, ; all three can be uncoupled
from receptors by pertussis toxin (PTX). Recently, a C-
terminal putatively PTX-insensitive splice variant of o,
was described which localizes to the Golgi apparatus and
couldbeinvolved in membrane transport?, Several specific
functionshave beenascribedto o, based on reconstitution
experiments, stable expression of mutant forms and
antisense-ablation experiments, including inhibition of
adenylyl cyclase**, stimulation of inwardly rectifying and
ATP-sensitive K* channels®?®, regulation of fibroblast
proliferation®, stimulation of the MAP kinase pathway'?,
differentiation of F9 teratocarcinoma cells into primitive
endoderm'’, and regulation of neonatal growth and
development'?, Rat-1 cells transfected with the GTPase-
inactivating and thus functionally activating o, mutant
o, [Arg'”Cys] form tumoursin nude mice'*. Furthermore,
GTPase-inactivating o, mutants have been found in
ovarian and adrenal human tumours' (Fig. 1a).

Tolearn moreabout the invivorole of . ,, we inactivated
the o, gene by homologous recombination in embryonic
stem cells. Remarkably, animals homozygous for this
mutation develop an inflammatory bowel disease with
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clinical and histopathological features which are strikingly
similar to ulcerative colitis, including the development of
adenocarcinoma of the colon.

Gene targeting and germ-line transmission

Five regions highly conserved in G-protein o subunits,
G1-G5, form the pocket that binds and hydrolyses GTP"*
(Fig. 1a). We disrupted o, at the Ncol site in exon 3 (Fig,
1b), predicting that a partial protein truncated at this
point would be inactive; it would also lack the cysteine at
position 352 which is ADP-ribosylated by pertussis toxin
(PTX). Chimaeric mice carrying the mutant allele in their
germ line'® were bred to give both crossbred (129Sv x
C57BL/6]) and inbred (129Sv}) o +/— heterozygotes (Fig.
1¢). Intercrosses of heterozygous animals gave rise to +/+,
+/— and —/— animals (Fig. 1d). Pertussis toxin-catalyzed
ADP-ribosylation of homogenates of primary fibroblasts
derived from 14-day-old embryos (Fig. 1e) as well as of
red blood cell membranes, and of homogenates of thymus
and pancreas from 4-6-week-old animals (not shown)
demonstrated the absence of mature ¢, protein in ¢, ~/-
animals, which was also confirmed by immunoblotting
using an o.common antibody (Fig. 1e). We therefore
conclude that our targeted allele is a true null allele.

Peri- and postnatal development

Analysis of the transmission of the o, ,—/— genotypearising
from intercrossing o, +/- crossbred mice showed a
mendelian distribution at embryonic day 14. However,
four weeks after birth there were significantly fewer
homozygous o —/— animals (inbred or crossbred) than
expected from a 1:2:1 distribution (Fig. 24), indicating
loss of homozygous mutants between these two times.
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a,—/- mice grow more slowly (Fig. 2b,c) and die
prematurely (Fig. 2d). In contrast, o, +/— animals are
indistinguishable from o, +/+ animals for growth, life
span, and pathology (see below), suggesting that the
insertion of the neo expression cassette into the o, locus
doesnot produce adominant phenotype. The body weights
of o —/— mice that died usually plateaued for about 2—4
weeks and then decreased over the next four weeks or so,
by approximately 20-30% before death (Fig. 3a). 0.~/
mice that were losing weight had loose stools, which
tested positive for occult blood (not shown).

Macroscopic and microscopic pathology

In o,—/— mice, the colons had irregular dilatation and
focally thickened inflamed walls of the descending portion
or of the the entire colon (Fig. 3¢). In a 27-week-old
mouse, perforation and localized peritonitis were found
(Fig. 3a,d). One 36-week-old female had moderate diffuse
colitis and a large mucin producing carcinoma in the
cecum (Figs 3e, 4h). In one 41-week-old female, the
duodenum was markedly dilated and congested (Fig. 3f).
This mouse also had rectal prolapse (Fig. 3g). The small
intestines and the other organs were otherwise
unremarkable. Controls at all ages were unremarkable
(example in Fig. 3b).

Upon microscopic examination, colitis of increasing
frequencyand severity was present in 21 of 26 homozygotes
lacking o.,. From 13 weeks onwards, every o.,—/— mouse
had 51gn1ﬁcant chronic active inflammation of the colon
and every colon was most heavily inflamed distally. Initially
theinflammation consisted of increased lymphocytes and
plasma cellsin the lamina propriaand rare crypt ‘abscesses’
— collections of neutrophils in the lumen (Fig. 4b). At
this stage crypt architecture and the surface epithelium
were indistinguishable from normal controls (Fig. 4a).

Fig. 1 Targeted disruption of the o, gene. a, intron-exon
boundaries of the cDNA coding for o, and location of key
amino acid sequences. Boxes represent exons with white
representing untranslated and black representing translated
sequences. Exon numbering is shown above and the number
of the last amino acid of each exon is shown below the cDNA.
The Ncol site in exon 3 that was used to disrupt the gene is
shown. G1-G5; regions responsible for binding and hydrolysis
of GTP. R* in G2; site of a,, to gip2 mutation found in some
adrenocortical adenomas and carcinomas, and ovarian
granulosa and theca cell tumours. Q*in G3; regulates GTPase
activity of o,,, which is reduced upon mutation to L. Pertussis
toxin (PTX) ADP -ribosylates Cys at -4 from C terminus. b,
Genomic structure of the o, gene and restriction fragment
sizes for the wild-type and the mutated allele. The targeting
vector IV-1 and the structure of targeted AB1-clones have
been described'®. A 3'-flanking probe (Nhel-Sacl fragment)
detects a 8.4 kb fragment for the wild-type allele and a4.0 kb
fragment for the a,,—/— allele containing the Neo cassette. c,
Clone 31A was injected into C57BL/6J blastocysts as
described'. The resulting male germ-line chimaeras were
bred with both C57BL/6J and 129Sv females in order to
maintain the mutation in a crossbred and an inbred
background, respectively. d, Southern blot analysis of three
litters from F, heterozygote intercrosses showing inheritance
of the /- genotype. e, Pertussis toxin-catalyzed [*PJADP-
ribosylation of F2 primary embryonic fibroblast homogenates
and immunoblot showing absence of o, in o,,~/- embryos.
The relative mobilities of specific G-protein a-subunits and
molecular weight standards are indicated on the right and left
side, respectively.
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Fig. 2 Peri- and postnatal development
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Crossbred Growth d Crossbred Mortality
30_ O+/+ (n219)
@—/— (ns)
100~
20 -
2
Z
101 o >
D+/+ (n=15) H L
W-/— (nZ0) 3§78 12 12
- H
JCJPN PR TR N S N D U T TN S B T R
- 0 4 6 8 10 120 4 e 8 10 12 ¢
T —
8 ]
s Inbred Growth 3
3 H
3 O+/+ (n=10) :
I 1 n=10
S“ A+/— (n213) ©
=/— (n&3) =
-
-3
20F o H
o
o
1or O+/+ (nm9) B
A+/— (nm20)
l—/- (nan
oby L 1 TS T T |
0 4 e a |o 1204 8 8 10 a2 4 12 20 28

Age (weeka)

Ganglion cells of the myenteric plexus were normal in
number, distribution and appearance at all stages. One
affected male at nine weeks of age had acute ulceration of
the rectum (Fig. 4¢) and the distal colon was infiltrated
with lymphocytes and plasma cells. In later stages
neutrophils permeated and destroyed individual crypts
and goblet cells were depleted of mucus. The intensity and
extent of the colitis generally progressed with age. One 18-
week-old female with severe colitis in the distal colon and
rectum also had sharply delimited ulcers proximally
without glandular mucus depletion (Fig. 4d). A nine-
week-old female with mild proctitis and distal ulceration
and the oldest female examined at 41 weeks, were the only
mice with small intestinal inflammation (Fig. 4i).

Microscopic study of the entire viscera was performed
on 12 o —/— animals (median 29 weeks) as well as on age
matched controls. No significant abnormalities of other
organs or tissues were found with the exception that some
mice raised in our conventional facility, in which MHV
and GDVII viruses were present, had evidence of acute
hepaticinflammation, with numerousintralobular clusters
of polymorphonuclear leukocytes. Two of the mice that
died also had acute pneumonia.

Development of adenocarcinomas

o,,—/— mice with colonic ulcerations had foci of
regenerative proliferation of glandular epithelium through
the full thickness of the mucosa and in some foci both the
inflammation and glandular proliferation penetrated into
the submucosa (Fig. 4e). Animals with such deep
inflammation had serosal inflammation as well. In six
mice the presence of these regenerating glands in the
submucosa suggested the possibility of invasive carcinoma,
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because the epithelial cells were flat with enlarged nuclei
having prominent nucleoli. Distinguishing between
regenerative atypia and dysplasia was not possible. In
these lesions there were noatypical mitoses or architectural
features to indicate neoplasia. However, in eight mice of
both sexes from 15-36 weeks of age (31% of the 26 o /-
mice examined), there were highly atypical glands showing
back-to-back growth without intervening stroma, loss of
nuclear polarityand severe crowding, indicating cancer of
the colon (Fig. 4f). The neoplastic glands involved both
mucosa and submucosa (Fig. 4g) and rarely appeared to
invade the thin muscularis propria. These cancers were in
all regions of the colon. Three mice had two separate
cancerous foci. There were no polypoid growths. In one
36-week-female, the cecum was grossly nodular and this
was due to an invasive mucin-producing carcinoma with
flattened neoplastic cells surrounding the large pools of
mucus in the deep submucosa and muscularis (Figs 3e,
4h). No metastatic dissemination was observed in any
animal.

Immunologic functions

Flow cytometric analysis revealed a two-to-four fold
increase in the proportion of o —/— thymocytes with
CD48-or CD478"* single positive phenotype characteristic
of mature thymocytes (Fig. 5a). This phenotype was
evident at two weeks of age and thus preceeded the
inflammatory bowel disease. o /- thymocytes also
exhibited an approximately three-fold increase in cells
expressing high-intensity staining of the T—cell receptor
complex molecule CD3g, an additional feature of mature
thymocytes. In agreement with this, 60-80% of the CD3"
o, ,~/— thymocytes expressed other cell surface markers
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found in the most mature thymocyte subset, including
MEL-14", CD44", J11d- (not shown). o, ,—/— thymocytes
exhibited 3-to-5-fold higher proliferative responses to T
cell receptor stimuli, including immobilized anti-CD3e
antibody (with or without addition of the phorbol ester
PMA), staphylococcal enterotoxin A (SEA), and BALB/
¢ (H-2%) T depleted splenocytes in mixed lymphocyte
reactions (Fig. 5b, data not shown), roughly consistent
with the increased frequency of mature single positive
thymocytes.

In order to assess the production of cytokines that are
thought to affect thymocyte developmentand function'’,
thymocytes were cultured with immobilized anti-CD3e
(with or without PMA) or PMA/ionomycin. Each of
these treatments stimulated o, ,—/— thymocytes to produce
several-fold increased IL2, IFNy and TNF, but not I1L4
levels, even after normalization of cytokine levels to
100% CD3" cells of control and mutant populations
(Fig. 5¢, data not shown). Thus, o ,—/— thymocytes are
responsive to T cell receptor stimuli and exhibit
heightened proliferation that may reflect both increased
proportion of peripheral T-cell-like thymocytes and
elevated cytokine levels.

Peripheral o —/- T cells in spleen and lymph node
were similar to wild-type T cells in subset phenotype
(Fig. 5a, data not shown), except for their somewhat
more heterogeneous levels of CD3 expression, and

Fig. 3 Macroscopic appearance of o,-/- mice. Mice are
identified by their number foliowed by C or | that indicate
whether they are crossbred or inbred, genotype (+/+, a,+/+;
-/-, a,~/~) and age in weeks. a, 27-week-old crossbred male
mice. Top, homozygous normal animal; bottom, homozygous
o,,-deficient mouse. There is marked growth retardation,
weight loss, and debilitation. The affected mouse was weak
with decreased muscle mass and subcutaneous fat. B,
Abdominal viscera from 29-week-old control mouse showing
the thin translucent colonic wall which collapses when empty,
asinthe transverse and descending colon. Fecal material can
be seen through the thin wallin the sigmoid colon, cecum and
ascending colon next to the hepatic flexure and the intestinal
contents of the small intestine are also evident at the left. c,
Abdominal viscera from a 18-week-old female showing mild
diffuse colitis. The entire colon is slightly thickened and
opaque with some congestion of the serosa. No serosal
exudates are apparent. d, The colon of the 27-week-old o,-
deficient mouse shown in (a). The descending colon is
remarkably dilated and thick walled with extensive congestion
and numerous serosal adhesions. In the region of the splenic
flexure there is a suppurative exudate visible in the wall and
a small perforation is visible at the mesenteric attachment
site. The rectum of this animal had extensive inflammation
and atypia of the mucosabut no carcinoma. e, The abdominal
viscera of a 36-week-old female showing moderate diffuse
colitis with extensive thickening and dilatation of the colon
and rectum plus a large mass in the cecum (lower left) which
proved to be a mucin secreting adenocarcinoma of the
cecum (Fig. 4h). f, The upper abdominal contents of a 41—
week-old female are displayed. The duodenum is remarkably
thick walled and opaque compared to normal. It was diffusely
inflamed along with the rest of the gastrointestinal tract. A
microscopic view of the duodenum is shown in Fig. 5i. g, The
anus of the 41-week-old female in (f) reveals rectal prolapse
secondary to diffuse colitis.

proliferative responses (Fig. 5b). However, o -/
peripheral T cells produced IL2, IFNYy, and TNF to levels
that were elevated up to 80-fold over those of wild-type
T cells, depending on cytokine and stimulus. IL4 was also
produced but was more modestly enhanced. (Fig. 5S¢,
data not shown). Thus, o, ,-deficient mature thymocytes
appear to migrate properly to spleen and lymph nodes,
but retaina hyper-responsive cytokine production profile.
If this over-reactive response of thymic and splenic T
cells from o, -deficient mice also exists in mucosal T cells,
itis p0351ble that such dysfunction might contribute to
the development of inflammatory bowel disease.
Increased levels of IFNy and TNF may also enhance
expression of MHC class [ and II antigens on cells from
o.,-deficient mice, resulting in chronically increased T
cell reactivity in areas of antigen deposition.

Analysis of the B-cell phenotype in bone marrow and
spleen of o -deficient mice by IgM, IgD, B220 and
CD23 expressmn did not reveal any substantial defects
in development of pre-B cells, immature B cells and
mature B cells. However, eight-week-old o ~/— mice
did exhibit as much as a 20-fold increase in numbers of
granulocytes in spleens and peripheral blood (data not
shown).

Immunoglobulin levels were assessed in plasmaand in
large and small intestinal secretions' of o ,—/— and o +/
+ mice. Plasma IgM levels were unaffected while plasma

Nature Genetics volume 10 june 1995
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Fig. 4 Histopathology of o,,~/- mice. a,
Colon of a nine-week-old homozygous
normal female. This is a control for the
subsequent pictures to show the normal
histology of the colon. Glands (crypts)
are lined with abundant goblet cells
containing large vacuoles with mucus
droplets, and are straight and regular
with little intervening stroma (lamina
propria) which contains only a few cells
identified at higher power as
lymphocytes and rare plasma cells. The
border of the epithelial surface formed
by the mouths of the glands, seen
towards the lower left corner and along
the upper part of the figure, is clearly
delineated and intact. (160x). b, Nine-
week-old female mouse with mild acute
colitis. The crypts are slightly separated
by an increase in the number of
lymphocytes and plasma cells in the
lamina propria. There is minimal
reduction in the quantity of mucus in the
gobletcells. Withinthe cryptinthe center
of the photograph, about a third from
the bottom, a small cluster of neutrophils
is present in the lumen (crypt abscess).
(160x). c, Diffuse ulcerative colitis from
the rectum of a nine-week—-old female.
The surface epithelium (at the top) has been ulcerated and replaced by an inflammatory exudate. Many of the glands have been destroyed and those
which remain are completely devoid of goblet cells and mucus. A high power observation showed some efforts at regeneration by the glands with
mitotic activity. Most of the tissue is occupied by the chronic inflammatory infiltrate with numerous lymphocytes and plasma cells and some
neutrophils (200 x). d, Proximal colon of 18-week-old female showing very focal ulceration in a region which is generally well preserved and goblet
cell mucus is abundant. There is mild diffuse chronic inflammation in the mucosa next to a deeply penetrating ulcer with atypical epithelium in the
adjacent glands. The inflammation reaches into the submucosa. This is reminiscent of Crohn’s colitis but may also represent an early
adenocarcinoma. (125 x). e, Rectum from a 13-week-old male. There is diffuse inflammation extending through the wall to reach the serosa. Glands
are regenerating and show inflammatory atypia. (200 x). f, Adenocarcinoma of colon in the same mouse shown in d. Back-to-back growth of highly
atypical neoplastic glands without intervening stroma is seen within the submucosa. There has been attenuation of the muscularis propria. (200
x). g, Adenocarcinoma of the distal colon in a 23 week old female. The photograph shows the penetration of the muscularis mucosa by atypical
glands which are distorted and appear to arise from intramucosal cancer just above the muscularis mucosa. There is diffuse colitis. (125 X} h, Cecall
adenocarcinoma. This is the histological counterpart of Fig. 3e. An invasive mucin producing carcinomais found within the submucosa encroaching
on the muscularis propria of the cecum. (25 x) i, Duodenum of the 41-week-old female illustrated in Fig. 3f. There is extensive diffuse inflammation
with loss of normal villi. The inflammation extends into the submucosa to reach the common bile duct shown on left side of the picture. (50 X)

IgG and IgA levels were elevated approximately two fold
in@,,~/-mice (datanotshown). Additionally, IgA in o —
/— mice was elevated, relative to o,,+/+ mice, both in the
small intestine [1263£422 ug ml"' (meantS.D., n=3)
versus 428181 ug ml~ (meantS.D., n=4)] and in the
large intestine (16201850 pg ml! versus 597+156 pg ml-
'). More importantly, IgG was markedly elevated in the
large intestine of o ,—/— mice (409+58 ug ml' versus
29+17 ug ml™') and more modestly in the small intestine
(106246 pg ml~' versus 26216 ug ml™'). Also, I[gM was
elevated in the large but not the small intestine (not
shown). The higher levels of IgM and especially IgG seen
inthelarge intestine correlate with what is seen in patients
with inflammatory bowel disease'®. These patients have
elevated numbers of IgG plasma cells in the intestine and
an increase in spontaneous immunoglobulin secretion
bylamina proprialymphocytes. Also, the elevated plasma
levelsof IgG and IgA seen in o, -deficient mice are similar
to previous observations in patients with inflammatory
bowel disease, in whom higher levels ofimmunoglobulin
secretion by peripheral blood mononuclear cells have
been found. The lower IgM and IgG levels in the small
intestine of «,-deficient mice, as compared to large
intestine, correlate with the pathological process affecting
primarily the large intestine.
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Go,,~/~ mice free of specific pathogens

Since some mice in the colony housed in our conventional
facility showed serological evidence for infection with
mouse hepatitis and GDVII viruses, we assessed whether
pathogens were responsible for development of disease in
o,,—/— mice. First, we surveyed an additional 15 o —/-
crossbred mice seronegative for viral pathogens. Seven of
these animals (aged 20-51 weeks) had colitis, of which
two had rectal prolapse and one had adenocarcinoma.
One 36-week-old mouse presented with a normal colon
but had a severely inflamed duodenum with ulcers. The
remaining seronegative o —/— mice (aged 17-54 weeks),
were normal. Furthermore, all relevant aspects of the
phenotype of ,-deficient mice (including weight, T-cell
phenotype, inflammatory bowel disease, adenocarcinoma
and spontaneous death) were also observed in seronegative
mice. As the mice in the second survey belonged to
generations F2—F6, whereas the mice evaluated previously
belonged to generations F2 and F3, itis possible that other
genetic factors can select for decreased incidence and
severity of disease.

Second, we raised Go,-deficient mice (derived by
oviduct transfer of fertilized eggs) in a specific pathogen-
free barrier facility. These animals also developed
inflammatory bowel disease, with wasting and
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Fig. 5 T-cell maturation and function in a,,(~/-) mice. a, Flow
cytometric analysis of CD3, CD4 and CD8 in thymus and
spleen. High intensity CD3 staining was expressed by 33.2%
o,~/- and 9.3% a,+/+ thymocytes in the example shown,
while splenocytes wera 34% (ix_~/~) and 42.2% (a_+/+) CD3".
Expression of afy and 13 TCR by « ,—/- thymocytes and splean
T-cells was unaffected. Twelve 8- to 12-week-old mutants
were analysed with similar results. Average viable thymocyte
cell yields of wild type and mutants were 96.9 and 75.2 x 108,
respectively. o.,—/— thymocyte depletion of CD4+8* cells by in
vivo dexamethasone and DNA fragmentation in response to
in vitro PMA as apoptotic stimuli were indistinguishable from
wild type. Splenocyte yields were 54.7 and 71.9 x 108 for a,,+/
+ and o,-/~. Expression of CD2, LFA-1, MEL-14, VLA-4,
CD44 and CD45RB by o,,~/- and o +/+ spleen cells were
similar. b, Proliferative response of thymocytes and
splenocytes to T-cell receptor stimulation with anti-CD3¢.
Mean + SEM PH]TdR uptake (final 6 h culture) of triplicate
culturesis shown. Responses of thymocytes and splenocytes
from a given animal are identified by open (wild type) or closed
(mutant) circle or square symbols. Eight o,—/- mice have been
analysed, some utilizing enriched splenic T cells, with similar
results. ¢, Cytokine production by anti-CD3e activated
thymocytes and spleen T cells. Cytokine concentrations (ng
ml-') were normalized to 100% CD3" thymocytes or 100%
CD3- spleen T cells from flow cytometric quantitation of CD3
expression of each cell population. Coefficients of variance
were less than 20% throughout. Data are representative of at
least three independent assays.
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of the colon, which are identical to those seen in the mice
raised in the conventional facility. All 12 o, ,—/— mice
maintained in the barrier facility for up to 22 weeks of age
were observed to develop wasting, spontaneous death
and/or evidence of severe colitis and adenocarcinoma of
the colon.

Discussion

Wehave shown that Go,,-deficient mice develop ulcerative
colitis and adenocarcinoma of the colon. Mice with
targeted disruption of genes for IL2 (ref. 20), IL10(ref.21)
or the oy T cell receptor®? and SCID mice reconstituted
with CD45RB" CD4" T cells®** also develop a chronic
inflammation of the bowel. However, in none of these
animal models are mucosal ulcerations and colon
adenocarcinoma, which are typical features in human
ulcerative colitis, a characteristic feature of disease.
Additional complications (such as an early lethal disease
consisting of splenomegaly, lymphadenopathy, severe
anaemia and, later in life, widespread amyloidosis in the
IL2-deficient mice?') may also be seen in these other

[RL: 1 L
IL2 IL4 TNF IFNy

models which do not appear in our o -deficient mice or
in humans with ulcerative colitis.

With respect to the immunological phenotype observed
in our mice, there are striking similarities to transgenic
mice expressing the S1 subunit of pertussis toxin from the
Ickpromotor in thymocytes which functionally inactivates
the Go,, and Gor, subunits. These transgenic mice also
have an increased number of CD4*CD8 and CD4-CD8*
single positive T cells with high intensity CD3 staining in
the thymus but display defective lymphocyte homing in
peripheral lymphoid organs*?. Whereas o.,-deficient
mice also have increased numbers of single positive
(mature) T cells with high intensity CD3 staining in the
thymus, they have close to normal numbers of T cells in
the spleen which display unaffected proliferative responses,
indicating a difference in the immunological phenotype
between the two mouse strains. Our study indicates
therefore that the o,-subunit is not essential in signalling
for T-cell homing to spleen and lymph node. Very likely
the homing defects induced by pertussis toxin®? result
either from the combined loss of G, and G, function or
just from the loss of G, function. A distinction between

Nature Genetics volume 10 june 1995



article

these two possibilities should emerge from analysis of
Ga,,-deficient mice. In either case, a homing defect is not
likely to underly the elevated expression of mature
thymocyte subsets in o —/— mice.

It is interesting to note that a.,, is a protooncogene'*'+%
which apparently also has an anti-oncogenic function.
Since we have not observed tumours in the absence of
intestinal inflammation, we assume that the tumour
formation is a consequence of the bowel inflammation
with theaccompanyingattemptsat epithelial regeneration.
However, the observation that other gene-deficient mice
develop inflammatory bowel disease but apparently no
tumours may point toarole for o, in tumour suppression.
Further studies are needed to clarify the mechanisms
behind these intriguing observations. Bone marrow
transplantation studiesare in progress to assess the relative
contributions of the lymphoid compartment and the gut
epithelium in the pathogenesis of disease. Of further
interest is the investigation of neutrophil function, since
o, may playakeyrolein coupling receptors for chemokines
such as IL-8, FMLP and leukotriene B4 to PLC-B
stimulation. The increased number of neutrophils in the
peripheral blood of o, ,-deficient mice might be due their
inability to migrate out of blood vessels, as is also seen in
patients with leukocyte adhesion deficiency. In heart
homogenates and adipocyte membranes of o.,-deficient
mice, we observed only a partial loss of hormonal in-
hibition of adenylyl cyclase, indicating that receptor-G
protein coupling in these mice is more selective rather
than specific (manuscript in preparation).

The underlying abnormalities which lead to
inflammatory bowel disease in these animals promise to
shed light on the pathogenesis of ulcerative colitis in
humans, as well as insight into the mechanisms of
carcinogenesis. In addition, o ,-deficient mice will also
prove valuable as a tool for the development of novel
treatment strategies.

Methods

Mice. Go,,-deficient mice were generated by gene targeting (see also
ref. 16). Male chimaeras were bred to both C57BL/6] and 129Sv
females in order to maintain the mutation in a crossbred as well as in
an inbred background. The genotype of all mice was determined by
Southern blot analysis on mouse tail genomic DNA as described".
The mice were housed in microisolator cages in the open animal care
facilitiy or, where indicated, in the SPF barrier facility at Baylor
College of Medicine.

[*?P]ADP-ribosylation and immunoblot analysis of fibroblast
homogenates. Homogenates for [*?P]ADP-ribosylation were
prepared from embryonic fibroblasts that had been derived from six
embryos at embryonic day 14. Homogenization and pertussis toxin-
catalyzed [**P]ADP-ribosylation were performed as described®.
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Human red blood cell membranes, containing o, and o, and
partially purified bovine G /G , containing { N and 0, were used
as markers. The pertussis toxin concentration in the reaction was 8.3
Mg ml, the activity of the [*?P]NAD (200400 Ci mmol™') was 4.4 X
10°cpm. The reaction was allowed to proceed for 30 min at 37 °Cand
stopped by the addition of 1 vol Laemmli buffer including 4 mM
NAD. The whole sample was subjected to SDS-PAGE on a urea
gradient (4-8 M) 9% polyacrylamide gel slab®, which was then
subjected to autoradiography. Membranes from T-antigen-(Tag-)
transformed fibroblasts were subjected to electrophoresis and
transferred onto a nitrocellulose membrane as described®. The
membranes were probed* with an anti-peptide antiserum against
the common region of G protein o-subunits (o.common) (kind gift
of .M. Mumby and A.G. Gilman) recognizing, among others, the G
protein subunits ¢, , ., O, O, and O

Histological analysis. Tissue samples were obtained in a standard
fashion. Intestinal samples were usually duodenum, proximal
jejunum, mid-small intestine, terminal ileum, cecum, ascending
colon, mid-colon, descending colon and rectum. Samples were fixed
in Bouin’s solution (Sigma) or 10% buffered formalin. Specimens
were embedded in paraffin and processed by the conventional
hematoxylin and eosin staining method.

Analysis of T-cell maturation and function. Thymocytes,
splenocytes and bone marrow cells were stained with FITC-anti-
CD3e (145-2C11), PE-anti-CD4 (RM4-5), FITC anti CD8a (53-
6.7), FITC anti-B220 (RA3-6B2), FITC anti-IgD?, FITC anti-CD23
(B3B4) (Pharmingen) or PE goat anti-mouse IgM (Southern
Biotechnology) and analysed by single or double color analysisonan
EPICS Profile (Coulter), with directly conjugated isotype controls.
In order to analyze the proliferative response of thymocytes and
splenocytes to T cell receptor stimulation, thymocytes (2 x 10°/well)
and splenocytes (4 x 10°/well) from two each o,—/- and o, +/+
controls were cultured for 72 h in flatbottom wells with i mcreasmg
concentrations of plateimmobilized anti-CD3¢ (145-2C11) purified
fromascites on protein A columns, or with staphylococcal enterotoxin
A (SEA) (provided by J. Lamphear, Baylor College of Medicine) and
4% 10°/well irradiated (1500r) T cell-depleted wild-type splenocytes
asantigen-presenting cells for 96 h (data not shown). For analysis of
cytokine production, thymocytes and spleen T cells (4 x 10°/well)
were pooled from two each eight-week-old o ~/- and @, +/+ mice
and cultured in round bottom microwells coated with anti-CD3€ 2
pg/well, thymocytes; 200 ng/well, spleen T cells) or with no stimulus
or with PMA (1 ng ml™) plus jonomycin (200 ng ml™') (data not
shown). At the times indicated culture supernates were harvested
and quantitated by ELISA (Genzyme, Endogen) for IL2 (24 h), or for
IL4, IFN yand TNF (72 h).
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